There is an ever-growing demand for transplantable organs to replace acute and chronically damaged tissues. This demand cannot be met by the currently available donor organs. Efforts to provide an alternative source have led to the development of organ engineering, a discipline that combines cell biology, tissue engineering, and cell/organ transplantation. Over the last several years, engineered organs have been implanted into rodent recipients and have shown modest function. In this article, we summarize the most recent advances in this field and provide a perspective on the challenges of translating this promising new technology into a proven regenerative therapy.
Introduction
Solid organ transplantation is the therapy of choice for nonreversible acute and chronic organ failure from almost any cause. The success of transplantation, which is based on advances in immunosuppressive medications, refined surgical techniques, and improved management of patients with chronic disease, is reflected by the continually increasing number of patients alive with a functioning transplanted organ. For example, in 1993 there were 39,513 patients alive with a functioning renal transplant in the United States and 144,200 were alive in 2009 (http://optn.transplant.hrsa.gov) (1, 2).
The number of life-saving transplant procedures is driven by the scarcity of usable donor organs rather than patient demand. Organ Procurement and Transplantation Network data from May 2012 showed that over 114,420 patients were waiting for organs in the United States, representing more than a four-fold increase in the past 20 years (1, 2). During that same interval, deceased and living donors increased only two fold and matched the increase in transplantation procedures (15, 756 procedures in 1991 and 28,537 procedures in 2011) (1, 2). Despite exhaustive efforts to promote organ donation, the national organ waiting list for patients needing a solid organ transplant has never declined.
Donor organs are rationed based upon the principles of justice and utility due to their limited supply. However, distribution varies according to the organ and the availability of extracorporeal support devices such as dialysis and cardiac assist machines. For instance, priority for liver transplantation, for which no extracorporeal support device has been approved, is largely determined by the model for end-stage liver disease (3), a stratification system that prioritizes patients to receive liver offers based upon their degree of liver dysfunction. Donor lungs are distributed based upon a patient's lung allocation score, which is derived from diagnosis, comorbidities, and functional parameters. Other organs are given to patients who have accrued the longest time on the waiting list.
The development of alternative sources of donor organs would change the paradigm of organ transplantation. One popular method to develop bioartificial tissues involves the decellularization of target organs, seeding with appropriate cell types, and maturation of the neo-organ in a physiologically appropriate bioreactor (4) (5) (6) (7) (8) (9) . Developing tissue-engineered organs could reduce waiting list mortality because of faster production of bioartificial organs. Further, a robust engineered organ supply would allow transplantation at a time when patients are healthier.
Here, we describe the current state of the art in organ engineering and provide perspective on the biological and engineering challenges that must be overcome to realize bioartificial organs. We highlight the need for appropriate sources of scaffolds and cells and to advance the understanding of neo-tissue development ( Figure 1 ).
Organ engineering
The earliest roots of organ engineering go back to the 1950s when the concept of seeding cells onto 3D constructs was first conceived (10) . In terms of biologic tissue constructs, the 1970s brought forth technologies related to solubilization and repolymerization of collagen gels with cells to assemble "tissue equivalents" (11) . Isolation and decellularization of organ-specific ECM was reported throughout the 1970s and 1980s, as it was recognized that ECM provided more than a simple structure upon which cells could attach and move (12) (13) (14) (15) (16) . The term "tissue engineering" was introduced in 1985 by Y.C. Fung and popularized in 1993 by Langer and Vacanti (17) . Tissue engineering was defined as an interdisciplinary field that combined the technologies of biology and engineering to develop tissues to replace damaged organs. The earliest engineered tissues, developed in the 1990s, were thin, planar tissues, primarily dermis (18) . Also in the 1990s, decellularized tissues were developed into medical devices that could modulate tissue repair without antigenicity. These scaffolds served as adequate surgical meshes in the case of acellular dermal allografts (19) , while xenogeneic scaf-folds derived from porcine small intestinal submucosa (SIS) promoted site-appropriate tissue remodeling (20) . More recently, the approaches of cellularized synthetic and decellularized scaffolds have extended to more complex tissues with early clinical experience for the urinary bladder and trachea (21) (22) (23) .
The concept of perfusion decellularization of an organ was proposed and realized within the last decade (4). This approach uses the vascular bed as an efficient means to decellularize the intact organ by reducing the diffusion distance required for decellularization agents to reach the cells and facilitating removal of the cellular material from the tissue by convective transport. Rodent hearts were perfused with SDS and Triton X-100 in a retrograde manner through the ascending aorta and produced acellular 3D scaffolds capable of supporting the growth of donor cells in a flow bioreactor (4). This technique allowed creation of acellular scaffolds that retain vascular channels through which scaffolds are recellularized and cell growth is supported with perfusion of media. Tissue-engineered livers and lungs have been decellularized using similar strategies to reduce the diffusion distance (e.g., bile duct in liver, intratracheal instillation in lungs). Although the results thus far have shown only limited function over short periods of implantation into recipient rodents, this achievement is a significant step toward an eventual therapeutic modality for human patients (4, (24) (25) (26) (27) (28) (29) . Scale-up strategies are currently being developed for large (porcine, primate, human) organs (30) (31) (32) .
Organ scaffold sourcing
There are a variety of potential sources for scaffolds, each of which has advantages and disadvantages. A sizeable supply of donated human organs that are not usable for transplantation could be "rehabilitated" using perfusion decellularization. In the United States, approximately 60% of organs from eligible donors were used for human transplantation and the remainder was discarded, (33) some due to poor organ parenchyma quality that may be improved using organ engineering. An estimated 25% of the total deaths in the United States (approximately 500,000 people per year) are acute deaths, before senility, and without incurable disease or organ impairment (34) . Theoretically, all organs harvested within a reasonable time frame postmortem (i.e., before proteolysis at approximately 4 to 6 hours) (35) could serve as potential donors for organ decellularization. The current practice of using organs for transplantation from donors after cardiac death limits organ recovery to 30 to 60 minutes after cardiac cessation. The added time in which the matrix of decellularized organs may be viable could allow potential donors to be identified after their death and increase the number of organs available for donation.
An alternative, ample supply of organs could come from animals. To date, biologic meshes from porcine, bovine, and equine sources have been successfully implanted into humans. The tissues are obtained from pathogen-free herds of animals, and processing eliminates most known pathogens. Most of the xenogeneic scaffolds are chemically cross-linked to obscure antigens that promote rejection, although decellularization protocols likely renders this process unnecessary. The majority of proteins in ECM are highly conserved among species (5) . One antigen that is retained at low levels is galactosyl-α(1,3)galactose (Gal), a cell surface epitope that is absent in primates and humans and is known to cause acute rejection in whole-organ xenografts. The Gal epitope prompts a
Figure 1
Schematic representation of the paradigm of regenerative medicine showing the conversion of whole-organ decellularization with cellular developmental biology and biomedical engineering. Cells from nontransplantable donor organs or animal sources are removed using various chemical and enzymatic agents, usually including detergents and trypsin. Candidate cells used to repopulate these organ matrices range in developmental stages from pluripotent stem cells to mature, freshly isolated cells -though the optimal cell source for this purpose has yet to be identified. The assemblage of cells and organ scaffolds are cultured together in whole-organ bioreactors that recapitulate the body's natural milieu, including fluid pressure, pH, dissolved oxygen, and growth factors for future clinical transplantation, or as a platform to conduct whole-organ biological and pharmacological studies. transient immune response that is not complement activating (36) . This immune activation does not appear to alter the host response to the scaffolds (37) . If necessary, further reduction of the Gal epitope can be achieved by enzymatic cleavage during processing (38, 39) or by obtaining tissues from genetically modified pigs that lack the Gal epitope (37, 40) . The attractive aspect of xenogeneic organs as a source of ECM is the availability of organs and the potential to secure healthy, pathogen-free tissue.
Regardless of the source, issues such as storage life and preservation are critical. A recent report showed that decellularized tracheas retain their properties for up to a year after decellularization (41) . Similar studies will be necessary for other organs to determine how storage impacts the ECM and to optimize recellularization long after organ recovery when sufficient recipient cells are prepared to reseed the organ scaffold.
Organ decellularization
The objective of the decellularization process is to maximize removal of cellular material from the tissue, while minimizing the damage and loss of the target ECM components. Care must be taken to develop appropriate decellularization protocols for each tissue and to perform appropriate quality control. The mechanism of action and effects of different tissue decellularization agents have been systematically reviewed elsewhere (5, 42) . The criteria that define a successful decellularization process are poorly understood. Only recently have objective criteria for assessing the efficacy of decellularization been proposed, including (a) the absence of nuclei based upon histologic staining with hematoxylin and eosin and DAPI, (b) quantitative measurement of DNA at less than 50 ng/mg dry tissue weight, and (c) DNA fragment size below 200 bp (42) . These criteria were based primarily on studies of ECM from porcine SIS and urinary bladder matrix (UBM), and their relevance to decellularized whole organs has not been explicitly tested (43) . Furthermore, recent reports suggest that these criteria are insufficient to predict optimal decellularization. A study performed with UBM showed that increased DNA content had less impact on host response to the material than the processing method (44) . Because the decellularization process of vascularized whole organs differs greatly from the process to decellularize a planar tissue used as a surgical mesh, the effect of residual cell content may vary, either to the benefit or detriment of the outcome.
DNA is often quantified to determine decellularization efficacy because it is an easily detectable marker that suggests that other cellular components, such as membranes, proteins, and antigens, were also removed (45) . The persistence of intracellular proteins and cell surface antigens has been largely unexplored, with the exception of the Gal epitope in SIS and dermis (36, 39) as well as actin and myosin in decellularized lungs (46, 47) .
Decellularization agents, particularly those used for decellularization of complex tissues and organs, solubilize ECM components to remove them from the tissue while also disrupting the structure of retained molecules (5, 42, 43) . Although tissue decellularization has been extensively reported in the literature, the protocols include a variety of different chemicals, and few systematic studies have compared the effects of isolated decellularization agents on tissues. In particular, little is known about how decellularization alters the micromechanics of ECM, an important consideration given the influence of matrix stiffness on stem cell differentiation and morphogenesis (48, 49) . Decellularization can disrupt collagen structure and activate matrix metalloproteases (46), both of which could decrease the scaffold stiffness and accelerate its degradation. Furthermore, decellularization protocols that use various detergents and enzymes lead to loss of glycosaminoglycans that serve as a reservoir for growth factors and other potent biologic signals. Ultimately, little is known about the specific effects of any particular decellularization agent on the ECM of a scaffold and the impact of those changes on cell behavior. Residual detergents and other chemicals could also negatively alter the host response to the tissue. In particular, it is unlikely that SDS, which has a high affinity for proteins, is fully rinsed from tissue after decellularization. Also of concern, residual enzymes, such as trypsin or collagenase, may accelerate breakdown of the ECM and hinder cell attachment. Assays are needed to determine whether chemicals used for decellularization have been removed from the scaffold. The development of new decellularization strategies that avoid these chemicals would be even more advantageous.
Cell sourcing to create bioartificial organs
The lack of an abundant source of human cells is a major limitation to the clinical application of engineered organs for transplantation. Ideally, human cells could be primarily obtained from organs rejected for orthotopic transplantation and, in the case of liver, unused segments from volume-reduced donor livers used for transplantation (50, 51) .
One potential source of human cells for engineered organs is fetal tissues. It is currently unclear whether fetal cells can be sufficiently expanded for clinical application (52) (53) (54) or whether cells derived from fetal tissues before 20 weeks of gestational age, when most elective abortions are performed, would properly differentiate and function. Furthermore, there are serious ethical concerns about the widespread use of these cells in transplantation (55) .
Human cells might also be obtained by expansion and differentiation of pluripotent stem cells. While this possibility has generated enthusiasm, realization of this approach in a clinical setting remains in the distant future. However, decellularized organs could be used for stem cell differentiation and expansion. Adult stem cells have been proposed as the primary repair entities for their corresponding organs (56, 57) . However, difficulties in the culture, expansion, and functional differentiation have limited their use.
Alternatively, pluripotent human ES cells (58) could be an important cell source for cell-based therapies and tissue formation, although identification and purification of specific cell types, sufficient cellular maturation/function, overcoming the immune barrier, and ethical concerns remain the major challenges. Engineering pluripotency of human somatic cells by the ectopic expression of transcription factors (OCT4, SOX2, KLF4, c-MYC, NANOG, and LIN28) has opened the possibility of generating autologous cells for cell/organ replacement therapies (59, 60) . Induced pluripotent stem (iPS) cells can be propagated indefinitely as undifferentiated cells and can differentiate into practically any cell type like ES cells (61) . However, iPS cells and ES cells also share tumorigenic traits. Rapidly accumulating work suggests considerable differences between these two pluripotent cell types. For example, iPS cells are more susceptible to acquired chromosomal aberrations, even more so than ES cells (62) (63) (64) . This can be a consequence of their somatic cell origin, reprogramming stress, culture adaptation, and aneuploidy (65) (66) (67) . Thus, accumulating data suggest that the reprogramming process is often accompanied not only by genetic abnormalities, but also by epigenetic alterations, which are expected to increase tumorigenicity (63, 64, 68-70).
Moreover, the differentiation potential of ES/iPS cells has been largely shown for many cell types, including endothelial cells (71), cardiomyocytes (72) , and hepatocytes (73) (74) (75) . Recently, considerable variability was reported in the differentiation efficiency among ES/iPS cell lines (76) . Beyond the issue of differentiation variability, differentiated cells derived from ES/iPS cells may still be immature, functionally resembling fetal or neonatal phenotype. Cell maturity may prove to be critical for diseases that require differentiated cells (e.g., hepatocytes, dopaminergic neurons) (77) (78) (79) . Recent studies suggest that direct conversion of somatic cells into specific lineages is possible, suggesting a potential alternative to induce mature phenotypes (80) (81) (82) .
No matter which stem cell type is used, challenges remain to reliably generate large quantities of well-differentiated cells. The techniques to assemble whole organs in vitro and the procedures to transplant these organs in disease-relevant animal models must be performed using primary mature cells isolated from donors before transplantation with stem cells is attempted to provide enough evidence that whole-organ assembly is feasible.
Repopulation of decellularized organs by host cells in vivo has also been proposed. Surgical mesh materials derived from ECM recruit a myriad of differentiated and progenitor cells to participate in remodeling over time (83) (84) (85) (86) , and repopulation of tracheal ECM by endogenous vascular cells and epithelium has been shown in clinical cases (23, 87) . However, to date, there is insufficient support for a similar endogenous cell source repopulating more complex vascularized, decellularized scaffolds in vivo to generate a functional organ (6, 7) .
Tissue assembly in organ engineering
Cell-ECM interactions. Cell-ECM interactions are important in regulating complex cell functions, including homing, mobilization, structural support, and signals for self-renewal and differentiation (14, 88) . The unique microstructure and ultrastructure provide distinct signals for resident cells (89) . Organ-specific ECM scaffolds can maintain the phenotype of cells in a differentiated state or drive differentiation of uncommitted cells in vitro (90) (91) (92) . Thus, organ-specific ECM scaffolds may facilitate a constructive tissue/organ-specific response. For example, liver-specific ECM is more effective at maintaining hepatocytes and sinusoidal endothelial cell differentiation than ECM derived from SIS or UBM (93) . Furthermore, lung ECM has been shown to promote differentiation of mouse ES cells into various site-appropriate lung lineages (90) . ECM scaffolds also promote differentiation of macrophages toward an antiinflammatory phenotype, consistent with tissue remodeling and accommodation (84, 94) .
The ECM of organs is comprised of a network of collagens and other structural proteins filled with a hydrogel of proteoglycans. In addition, nonstructural ECM components, such as matricellular proteins, support cell adhesion, migration, proliferation, apoptosis, and differentiation (95) . Cumulatively, the ECM controls the bulk mechanical environment and contributes to the microenvironment through presentation of signaling molecules, such as growth factors, cytokines, enzymes, and other diffusible molecules. The presence of heparin sulfate in the matrix allows for storage and release of various chemokines (e.g., transforming growth factor-β, vascular endothelial cell growth factor, and hepatocyte growth factor) (96, 97) and could allow ECM scaffolds to serve as a reservoir for delivery of factors to cells within the matrix in controlled concentrations and gradients. Thus, controlling the composition of the ECM might regulate the fate of cells grown within the organ scaffold.
In addition to signals provided by intact ECM, the degradation products of ECM are also a potent source for cell signaling. In vitro, ECM scaffold degradation products have inherent bioactivity, including antibacterial and chemotactic properties (98) (99) (100) . In accordance with this observation, in vivo studies showed infection resistance in surgical sites treated with ECM (101, 102), recruitment of progenitor cells to the site of ECM remodeling (83, 103) , and site-specific remodeling (83, 104) . Degradation of a biologic scaffold, such as SIS and UBM, is a critical component of the site-appropriate tissue remodeling process (20, 83) .
In contrast, the objective of whole-organ engineering is to develop a transplantable organ that will remodel slowly over time and resume normal homeostasis. As such, the degradation characteristics of ECM for surgical mesh applications, while potentially desirable from a biological standpoint, would be disastrous from a structural perspective. If engineered organs behave more like inductive scaffolds than transplants, then the degraded scaffold will likely be replaced by dense connective tissue lacking organ structure and functionality (43) .
Cell-cell interactions and the complex 3D tissue physiology. Heterogeneous cell-cell contacts appear particularly important for adult, progenitor, and pluripotent stem cells. The development and function of specialized tissue critically depends on the interactions between parenchymal and nonparenchymal cells (15) . Although the functional importance of cell-cell interactions is well established in many tissues, the fundamental molecular mechanisms are still unclear (105, 106) . Research into these cell-cell interactions is further confounded by the diversity of supportive cell types that are found in whole organs. Nearly all cells in the body require cues from a truly 3D environment to assemble relevant physiological tissue structures that functionally mimic authentic organs, including appropriate cell adhesion, migration, contraction, metabolic function, and differentiation (107) (108) (109) (110) (111) (112) (113) . Because ECM scaffolds largely retain the 3D tissue architecture and composition of the tissue from which they are isolated (23, 26, 28) , they can provide the physiological 3D anatomical structures of the native organ, including vascular conduits, which are difficult to manufacture in vitro (5, 9, 42, 114, 115) . Thus, cocultures in an organ-specific structure allow for greater control over interactions between cell types from the same organ. These techniques could potentially provide new insights on the mechanisms of cell-cell communication, function, and differentiation toward the construction of organs and complex tissue. Additionally, from a structural point of view, the 3D configuration and the unique stiffness provided in the decellularized organ can dramatically affect integrin-binding ligands and cell fate (116) (117) (118) (119) .
Translational hurdles
The major challenge with success of transplantable bioengineered organs will be development of durable vascular networks. As opposed to surgical meshes, which can be revascularized adequately after implantation, the presence of cells within the construct requires an immediate blood supply to maintain cell survival due to the thickness of the tissue and corresponding diffusion distance. The lack of cell survival after implantation has led investigators away from cell seeding in engineered tracheal tissues, in favor of recellularization by host cells in vivo with the addition of stimulating factors (120) .
In engineered organs that retain the vasculature, the issue of restoring blood flow acutely is less challenging, but the question of how long it can be retained remains. ECM is evolutionarily designed to induce coagulation when exposed to blood. Therefore, any incompletely reendothelialized vasculature is at risk for acute thrombosis, leading to localized organ failure. Furthermore, endothelium provides a barrier function that prevents edema within tissues (24, 26) . Strategies previously used to reduce coagulation in cardiovascular devices may prove useful (121, 122) .
Another challenge will be replacing all of the functions of the engineered organ. Thus far, systems have used relatively few cell types to restore organ functions, but organs are composed of numerous cell types. An important remaining question is whether the full complement of cell types needs to be replaced in vitro or whether a subset of cells can be derived from the body's resident cells, such as macrophages and other immune cells.
On a more practical level, widespread regulatory approval of these organs will depend on developing standards for acceptable scaffold characteristics, in terms of the amount and type of cellular material retained and chemicals left behind as well as the ECM properties. Considering the experience in engineered tracheal reconstruction, the time for decellularization of the trachea has become a barrier to emergency surgery, so either more rapid decellularization techniques must be developed or storage techniques for decellularized tissues must be enhanced. These concerns will be relevant to engineered organs as well.
Furthermore, if the cells used are anything other than autologous cells, specific criteria will need to be established to determine their safety from disease transmission and immune rejection. A fundamental lack of understanding about how much function must be recapitulated in the engineered organ prior to implantation still exists. For the trachea, a shorter culture time improved results, with most repopulation and function coming after implantation due to factors like erythropoietin and granulocyte colony-stimulating factor that may enhance endogenous stem cell recruitment (120) . This paradigm may apply to other engineered organs, though considerable work is necessary to experimentally prove this. Alternatively, strategies that shorten the time to develop mature tissue in culture and technologies that maintain functionality upon implantation may be used.
Conclusion
The clinical applications of tissue engineering and regenerative medicine have produced a variety of cell-and ECM-based scaffolds, with recent advances in engineering trachea and urinary bladder replacements. The next step for tissue engineering is to address the critical need for bioartificial tissues through the development of vital organs for transplantation. Although the proof of principle of whole-organ assembly and transplantation has been shown for some organs (heart, liver, lungs), the remaining hurdles will ultimately require an interdisciplinary approach to become a clinical reality. Unifying criteria for specific whole-organ decellularization that interrogate measurable parameters are necessary to assure quality control for the scaffold. Scalability and customization of the decellularization process and evaluation criteria will be needed. The organ assembly process requires the systematic delivery of different cell types that will eventually form an appropriate tissue structure. Thus, real-time imaging techniques that can evaluate cell delivery and mobilization of different cell types would benefit the advancement of tissue assembly.
Once the biology of cell communications and the cellular microenvironment are better understood, organ assembly systems could be used to construct artificial organs with similar architecture and functionality to normal organs that can be cultured, grown, and transplanted. The best cell sources remain unknown. Several obstacles must be overcome before the cells generated can be used widely in preclinical studies. Most differentiation protocols have been developed to fit research laboratory experiments, thus significant investment must be made in scaling up protocols to produce sufficient cells to reconstitute a functional human organ. Moreover, most protocols, regardless of the strategies, are inefficient at reproducing all of the desired functions of native cells. However, the organ assembly system might achieve further maturation by allowing cellular and extracellular cues of an organ scaffold to guide formation of a complex tissue. Finally, transplantation of engineered organs has been challenging and limited to hours; thus, systems to guarantee long-term survival of the transplanted organs need to be developed (e.g., anticoagulant molecules). Although these issues remain unsolved for the majority of protocols, it is encouraging to note that cases of transplantation of non-solid organs, such as the engineered trachea, are underway. Auxiliary or heterotopic organ transplant using bioengineered organs may serve as a bridge to transplantation, with an eventual goal of a permanent, durable organ graft as an accepted solution for organ failure.
